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We consider the string breaking phenomenon within effective string models which purport to
mimic QCD with two light flavors, with a special attention to baryon modes. We make some
estimates of the string breaking distances at zero and non-zero baryon chemical potentials. Our
estimates point towards the enhancement of baryon production in strong decays of heavy mesons
in dense baryonic matter. We also suggest that the enhanced production of Λ+c baryons in PbPb
collisions is mainly due to larger values of chemical potential.
Introduction.– The string models describe the strong
decay of hadrons through light quark-antiquark pair cre-
ation [1]. A canonical example is the case in which a
heavy meson decays into a pair of heavy-light mesons
QQ¯→ Qq¯ + Q¯q . (1)
In fact, this is one of the decay modes - the meson mode.
One can think of it as a string rearrangement between
the heavy and light sea quarks: QQ¯ + qq¯ → Qq¯ + qQ¯.
Despite the fact that in the vacuum the meson mode is
dominant, it remains of interest to also consider other
decay modes. The next, in number of light quarks, is the
baryon mode
QQ¯→ Qqq + Q¯q¯q¯ , (2)
which is sub-dominant. Because it is not energetically
favorable, and the probability for a string rearrangement
between six quarks is lower than between four unless the
sea quarks are regarded as a diquark-antidiquark pair
[qq][q¯q¯] [2]. In that case the string rearrangement occurs
as before.
The presence of dense baryonic matter adds a crucial
twist to the story, as light quarks are now not only due
to pair creation but also to the medium. For this reason,
a decay mode with three light quarks is allowed. It is
QQ¯→ Qqq + Q¯q . (3)
Although it contains a meson, we will also call it a baryon
mode because no confusion occurs with (2) in what fol-
lows. It can be thought of as a string rearrangement be-
tween a diquark and quarks: QQ¯ + q[qq] → Q[qq] + Q¯q,
if a baryon is regarded as a two-body system composed
of a quark and a diquark [2].
In this letter we make some estimates of the string
breaking distances and free energies of heavy-light
hadrons using effective string models. Our goal is to
gain a good intuition about nonperturbative phenomena
in QCD in situations, where the use of other methods is
impractical.
The lattice model.– The string breaking phenomenon
arises from nonperturbative effects of QCD. So far lat-
tice QCD has successfully been used to study it, but only
for meson modes at zero temperature and zero chemical
potential. For our purposes, what we need to know can
be summarized as follows. The model of [3] includes a
mixing analysis based on a correlation matrix whose ele-
ments give rise to a model Hamiltonian. The eigenvalues
of this Hamiltonian correspond to the energy levels. In
this way, the lattice data are well-described by a few fit
parameters [4, 5].
Certainly, this model can be extended in several ways,
for instance, by adding new light flavors, by considering
baryon modes, or by turning on chemical potential. We
will consider only two cases. In the first case, modes (1)
and (2), the model Hamiltonian is
H(`) =
EQQ¯(`) g1 g2g1 2EQq¯ g12
g2 g12 2EQqq
 , (4)
where EQQ¯(`) is the energy of two static heavy quark
sources separated by distance ` [6]. 2EQq¯ and 2EQqq
are the energies of a noninteracting pair of heavy-light
mesons and baryons, respectively. The off-diagonal ma-
trix elements g describe the mixing between the states. A
useful parameter, called the string breaking distance, is
defined by setting EQQ¯(`
(m)
c ) = 2EQq¯ and EQQ¯(`
(b)
c ) =
2EQqq for the meson and baryon modes, respectively
[3, 5].
In the second case, modes (1) and (3), the free energy
matrix is given by
F (`, µ) =
FQQ¯(`) f1 f2f1 FQq¯ + FqQ¯ f12
f2 f12 FQqq + FqQ¯
 , (5)
where FQQ¯(`) is the free energy of two heavy quark
sources in the medium. FQq¯, FqQ¯ and FQqq are the free en-
ergies of noninteracting heavy-light mesons and baryons.
As before, the off-diagonal matrix elements describe the
mixing between the states. By analogy with what was
done for the Hamiltonian (4), we now define the string
breaking distances by setting FQQ¯(`
(m)
c ) = FQq¯ +FqQ¯ and
FQQ¯(`
(b′)
c ) = FQqq + FqQ¯.
String Models.– Although lattice QCD is a powerful
computational tool to deal with strongly coupled gauge
theories, its use is limited when it comes to studying
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2baryonic matter whose density is not really small. Mean-
while the gauge/string duality allows one to at least get
a good intuition in such situations. It is noteworthy that
the duality was first proposed for conformal theories and
then expanded to include non-conformal ones, and thus
apply these ideas to QCD and heavy ion collisions [7].
In this formalism a Wilson loop C is placed on an Eu-
clidean four-manifold which is the boundary of a five-
dimensional manifold. Its expectation value is given by
the world-sheet path integral so that a string world-sheet
has C for its boundary. In principle, the integral can be
evaluated semiclassically. The result is written as
〈W (C) 〉 =
∑
n
wne
−Sn , (6)
where Sn is the world-sheet action evaluated on a clas-
sical solution (string configuration). n labels the solu-
tions. wn is a relative weight factor. For static configu-
rations each Sn reduces to EnT , where En is an energy
of the configuration and T is a time interval. Impor-
tantly, the En’s are the diagonal elements of the lattice
model Hamiltonian. So, on the left hand side of (6), two
exponents become equal at the string breaking distance.
The generalization of this approach to the case of finite
temperature and baryon density suggests that the corre-
lator of two oppositely oriented Polyakov loops is given
by the worldsheet path integral, and it can be evaluated
again as
〈LL† 〉 =
∑
n
ωne
−Sn . (7)
For static configurations each Sn reduces to Fn/T , where
Fn is a free energy of the configuration and T is temper-
ature.
To construct string configurations, one needs two basic
objects. The first is a Nambu-Goto string governed by
the action
SNG =
1
2piα′
∫
d2ξ
√
γ(2) , (8)
with γ an induced metric, α′ a string parameter, and ξ
worldsheet coordinates. The second is a baryon vertex.
It is a fivebrane in ten dimensions [8], but a point-like
object from the five-dimensional viewpoint. At leading
order in α′, the brane dynamics is determined by its world
volume.
Zero temperature and chemical potential.– When we
try to mimic QCD with Nc = 3 and Nf = 2, we consider
an effective string model on five-dimensional space, with
the Euclidean metric
ds2 = esr
2R2
r2
(
dt2 + dx2i + dr
2
)
, (9)
times a five-dimensional compact space X. For simplic-
ity, we assume no dependence on coordinates of X and
therefore the model under consideration is in fact five-
dimensional. This geometry is a one-parameter deforma-
tion, parameterized by s [9], of the Euclidean AdS5 space
of radius R whose boundary is at r = 0. Its main feature
is a soft wall located at r = 1/
√
s. There are good moti-
vations for taking it seriously. First, such a deformation
leads to linear Regge-like spectra for the light mesons
[15]. Second, it gives rise to the heavy quark-antiquark
potential which is very satisfactory in the light of lattice
gauge theory and phenomenology [11, 12].
In addition, we add an open string tachyon background
[13]. There are at least two good reasons for this. First,
a constant tachyon field can be interpreted as a point-like
mass in five dimensions so that a string can terminate on
it in the bulk. This is not a new idea and many aspects
of strings with masses at the ends have been described
long ago in flat space [14]. The novelty is that it is used
in the context of the gauge/string duality to model light
flavors. Second, a non-constant field can carry informa-
tion on the chiral condensate [15] that opens a promising
avenue of possible studies aimed to gain insight into non-
perturbative aspects of QCD, in particular its phase dia-
gram. For the reason of simplicity, we consider a constant
tachyon background. In this case, the action is simply
Sq = τ0
∫
ds , (10)
where τ0 is a mass parameter. The integral is carried out
over a worldsheet boundary.
Now consider a rectangular Wilson loop of size ` × T
such that T  `. The dominant string configurations, for
large ` are shown in Figure 1. They are the string duals
r
xQ
1√
s
rq
q¯
(2)
Q
(3)
q
Q¯ Q¯Q Q¯
(1)
qq q¯q¯
0
rv V V¯
FIG. 1: Static string configurations arranged in a number of
light quarks. The boundary is at r = 0. The heavy (light)
quarks are denoted by Q (q), and the baryon vertices by V .
to the three states of the lattice model. In this picture
a diquark looks like a one-dimensional object extended
along the fifth dimension and constructed from two light
quarks and a baryon vertex.
Since we are interested in static configurations, we
choose the static gauge. Then the analysis of configu-
ration (1) associated to a single Nambu-Goto string pro-
ceeds just as in [11]. At large distances, the energy of the
pair is given by [16]
EQQ¯(`) = σ`− 2g
√
s I0 + C + o(1) , (11)
3where
σ = egs , I0 =
∫ 1
0
dx
x2
(
1 +x2− ex2
[
1−x4e2(1−x2)
] 1
2
)
,
(12)
g = R
2
2piα′ , and C is a renormalization constant. Numeri-
cally, I0 ≈ 0.751.
In the case of configuration (2), the action has in ad-
dition to the standard Nambu-Goto actions of the fun-
damental strings, contributions arising from the light
quarks. It is thus S =
∑2
i=1 SNG + Sq. Varying S with
respect to rq yields [17]
g e
q
2 + m(q − 1) = 0 , (13)
with m = τ0R and q = sr
2
q . It describes the force balance
condition in the radial direction for the light quark. At
zero chemical potential it has the same form for both the
quark and the antiquark. Then a simple analysis shows
that the energy of the configuration is
EQq¯ + EqQ¯ = 2
√
sQ0(g,m, q) + C , (14)
where the function Q0 is defined in the Appendix.
A similar analysis for configuration (3) would proceed
in essentially the same way. The only novelty is the
baryon vertex which in static gauge is governed by the
action
Svert = τv
e−2sr
2
r
T , (15)
with τv a dimensionless parameter. Such a form comes
from the brane world volume and leads to the very sat-
isfactory description of the lattice data obtained for the
three-quark potential [18]. Given this, we can write for
the total action of the configuration S =
∑2
i=1 3SNG +
2Sq + Svert. Varying the action with respect to rq gives
again Eq.(13), while that with respect to rv gives [17]
1 + 3k(1 + 4v)e−3v = 0 . (16)
Here v = sr2v and k =
τv
3g . This equation describes the
force balance condition in the radial direction for the ver-
tex. Further, it can be shown [17] that the energy of the
configuration is
EQqq + EQ¯q¯q¯ = 2
√
s
(
2Q0(g,m, q) + V0(g, v)
)
+ C , (17)
where the function V0 is given by (A.3). Note that this
configuration exists only if q > v.
Given the energies of the three states, it is straightfor-
ward to write down the expressions for the string break-
ing distances. So we have
`(m)c =
2
eg
√
s
(
Q0(g,m, q) + gI0
)
, (18)
`(b)c =
2
eg
√
s
(
2Q0(g,m, q) + V0(g, v) + gI0
)
. (19)
Importantly, the dependence on C cancels, and as a result
the `’s are scheme-independent.
To make estimates, we will need values of the fit pa-
rameters. There are two ways to choose those values:
one is to use the lattice QCD results, and the other is
to follow closely phenomenology. In the first way, the
value of s is fixed from the slope of the Regge trajectory
of ρ(n) mesons in the soft wall model with the geometry
(9). This gives s = 0.45 GeV2 [19]. Then, using (12),
we obtain g = 0.176 by fitting the string tension to its
value in [5]. Next, the parameter m is adjusted to repro-
duce the lattice result for the string breaking distance
`
(m)
c . With `
(m)
c = 1.22 fm [5], it gives m = 0.538. Using
Eq.(13), q can be estimated to be about 0.566. A simple
analysis shows that on the interval [0, 0.566] Eq.(16) has
solutions if −0.558 . k ≤ − 14e
1
4 . In the string models
[18], the value of k is adjusted to fit the three-quark po-
tential to the lattice data for pure SU(3) gauge theory.
So far there is no such data available for QCD with dy-
namical quarks. We take k = − 14e
1
4 ≈ −0.321 simply
because it yields an exact solution to Eq.(16), namely
v = 112 . We will denote this set of values by L. With L,
we get
`(b)c = 2.35 fm . (20)
So the baryon mode is sub-dominant, as expected. Im-
portantly, in the above interval for k the breaking dis-
tance `
(b)
c is a slowly varying function of k which can
take values from 2.23 fm to 2.35 fm. Thus, in (20) the er-
ror related with our choice of k = − 14e
1
4 does not exceed
5%.
The lattice calculation was done at unphysical pion
mass mpi = 280 MeV [5]. In this light and in view of
possible applications to phenomenology, we now make
the estimates for other values of the fit parameters. First,
the values of s and g are extracted from the quarkonium
spectrum obtained by using the heavy quark potential
derived from the model we are considering [11]. This is
self-consistent, and gives s = 0.15 GeV2 and g = 0.44
[12]. We set k = − 14e
1
4 , as before. Then we determine m
from the condition EQqq−EQq¯ = MΛ+c −MD0 ≈ 420 MeV
[20]. It results in m = 0.699. We will denote this set of
values by P . For P ,
`(m)c = 1.07 fm , `
(b)
c = 1.99 fm . (21)
These are smaller than the previous ones that could cor-
respond to a more physical situation, with a lighter pion.
Cold baryonic matter.– Now we extend the above anal-
ysis to include baryonic matter at zero temperature. We
do this for an effective string model which is the sim-
plest extension of the above model to non-zero baryon
chemical potential. A key point is that the background
geometry is now given by a one-parameter deformation of
the Reissner-Nordstro¨m charged black hole in Euclidean
4AdS5 [21]. In the case of interest, it is given by
ds2 = esr
2R2
r2
(
fdt2 + dx2i +
dr2
f
)
, A0(r) = µ− r r
2
r3h
,
(22)
with f(r) =
(
1 − ( rrh )2)2(1 + 2( rrh )2). The black hole
horizon is at r = rh. µ denotes a baryon chemical po-
tential, and r a free parameter. The gauge field vanishes
at the horizon that gives a relation between µ and rh.
It is convenient to write it as µ = r
√
s
h , with h = sr
2
h.
The model is in the confined phase for h > hc, where
hc ≈ 3.50 [17]. Therefore the maximal value of µ is given
by µpc = r
√
s
hc
.
As usual, in the presence of the background gauge field
the world-sheet action includes a term which, in our case,
reduces to
SA = ∓1
3
∫
dtA0 . (23)
Here the minus and plus signs correspond to a quark and
an antiquark, respectively. The prefactor comes from the
relation between the chemical potentials of quarks and
baryons.
Now let us consider the correlator of two Polyakov
loops in the low-temperature limit. The dominant string
configurations in this limit are shown in Figure 2. These
are the string duals to the three states of the lattice
r
xQ
rq
q¯
(2)
Q
(3)
q
Q¯ Q¯Q Q¯
(1)
qq
0
rh
rw
rq¯ q
rv V
FIG. 2: Static string configurations with the light quark num-
ber up to 3. The soft wall is at r = rw so that rh > rw.
Because the potential A0 gives the electric field in the r-
direction, the light quarks are shifted towards the boundary.
model. In the static gauge, these configurations can be
analyzed in a way which is similar to that above.
For configuration (1), we find that at large distances
the free energy of the pair takes the form [17]
FQQ¯(`) = σ(µ)`− 2g
√
s I + C + o(1) , (24)
with σ(µ) and I given by (A.4). At µ = 0, I = I0.
Configuration (2) can be analyzed as before. When one
adds the SA’s to the total action, one finds that Eq.(13)
becomes
geq+m
√
1 + 2 qh
(
(q−1)(1− qh)− 6
(
q
h
)2
1 + 2 qh
)
e
q
2 = ∓2
3
r
(
q
h
) 3
2 .
(25)
Here the minus sign refers to quarks and the plus sign
to antiquarks, where q is replaced by q¯ = sr2q¯ . The free
energy of the configuration is given by [17]
FQq¯+FqQ¯ =
√
s
(
Q(g,m,−r, q¯, q¯h)+Q(g,m, r, q, qh))+C ,
(26)
where the function Q is defined in the Appendix.
It is also straightforward to generalize the above anal-
ysis to configuration (3). In this case, the action for the
baryon vertex becomes
Svert = τv
√
f
e−2sr
2
r
T−1 . (27)
The total action is amended by adding the SA’s. Varying
with respect to rq gives again Eq.(25), and that with
respect to rv gives√
1 + 2 vh+3k
(
(1+4v)
(
1+ vh−2
(
v
h
)2)
+6
(
v
h
)2)
e−3v = 0 .
(28)
As shown in [17], the free energy of this configuration is
FQqq +FqQ¯ =
√
s
(
3Q(g,m, r, q, qh)+V(g, v, vh))−µ+C ,
(29)
where the function V is given by (A.3).
If one is given the free energy of all the three states,
then one can easily find the corresponding string breaking
distances
`(m)c =
√
s
σ(µ)
(
Q(g,m, r, q, qh)+Q(g,m,−r, q¯, q¯h)+ 2gI) ,
(30)
`(b
′)
c =
√
s
σ(µ)
(
3Q(g,m, r, q, qh)+ V(g, v, vh)− µ√s + 2gI).
(31)
To make estimates of these distances, we need a value
of r. As before, one way would be to use lattice results,
but now with the caveat that those are available only at
small baryon chemical potential. The estimates of the
Debye screening mass yield 2 . r . 6 [22]. In Figure 3
on the left, we present our results. We see that the ener-
getic preference of the meson decay mode over the baryon
one decreases with chemical potential (baryon density).
Moreover, the baryon mode might even become energeti-
cally favorable for some values of parameters. Combining
this with the natural assumption that the probability for
a string rearrangement between the heavy quarks and
light quarks coming from the medium also increases with
an increase of baryon density, we expect the enhancement
of baryon production in strong decays of heavy mesons.
This in-medium effect should be more visible at higher
densities of baryonic matter.
Λ+c enhancement.– Recently, the ratio of Λ
+
c to D
0
production has been measured with the ALICE detec-
tor at CERN [23]. Although the ratios measured in pp
and pPb collisions turned out to be compatible with un-
certainties, the enhanced Λ+c production was observed in
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FIG. 3: The solid curves correspond to the set L with r = 1.5, and the dashed ones to P with r = 3. Left: The string breaking
distances: `mc (in blue) and `
(b′)
c (in red). Right: ∆ as a function of µ. Here ∆ = MΛ+c −MD0 at µ = 0.
PbPb collisions. Without going deeply into the aspects
of hadronization [24], here we will give a general argu-
ment using the minimal free energy principle. Our point
is that the effect may be due to formation of a thermal-
ized medium (quark-gluon plasma) in such collisions at
higher baryon chemical potential.
The Λ-baryons and D-mesons are formed from c-
quark coalescence with light quarks and antiquarks at
hadronization. Assuming that the hadrons are at rest
in the plasma frame, we can estimate the difference ∆
between the free energies FΛ+c and FD0 . From (26) and
(29), it follows that
∆√
s
= 2Q(g,m, r, q, qh)+V(g, v, vh)−Q(g,m,−r, q¯, q¯h)− µ√s ,
(32)
which we plot in Figure 3 on the right. Obviously, meson
formation becomes less and less energetically favorable
as the chemical potential increases. At µ ∼ 0.7µpc, a
transition occurs to a regime where baryon formation is
energetically favorable [25]. With the ratio Λ+c /D
0 ∼ 1
measured by ALICE [23], it could provide a crude esti-
mate of an upper bound for µ in PbPb collisions. We
expect that temperature effects do not change our main
conclusion on the importance of µ.
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Appendix: Definitions and some formulas.– We define
the following functions:
ϕ(x) =
1
6
− 1
6x
(
1 + 2
√
7x2 − 8x+ 1 sin 1
3
arcsin
10x3 − 75x2 + 12x− 1(
7x2 − 8x+ 1) 32
)
, (A.1)
Q(a, b, c, x, y) = a
(√
pi erfi(
√
x)− e
x
√
x
)
+ b(1− y)
√
1 + 2y
e
1
2x√
x
+
1
3
c
√
y3
x
, Q0(a, b, x) = Q(a, b, c, x, 0) , (A.2)
V(a, x, y) = a
(
4x(1− y)(1 + 2y) + 6y2
(1 + 4x)(1− y)(1 + 2y) + 6y2
ex√
x
−√pi erfi(√x)
)
, V0(a, x) = V(a, x, 0) , (A.3)
where erfi(x) is the imaginary error function. Then the string tension and I can be written as
σ(µ) = σ
(
1− ϕ)√1 + 2ϕ ehϕ−1
hϕ
, I =
1√
hϕ
∫ 1
0
dx
x2
(
1 + x2 − ehϕx2
[
1− x4
(
1− ϕ)2(1 + 2ϕ)(
1− ϕx2)2(1 + 2ϕx2) e2hϕ(1−x2)
] 1
2
)
.
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